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(Received 24 June 1968) 
The heat capacity of a single crystal of Ca WO, was determined by adiabatic calorimetry from 5° to 3500 K 
and found to be without transitions or thermal anomalies. Deviation of the curve from normal sigmate 
shape is shown to be due to internal vibrations of the WOr ions. Apparent Debye 9's for the lattice-only 
heat capacity and for that of the acoustical spectrum show "normal" deviation from simple Debye theory. 
Values of the heat capacity (Cp ) , entropy (SO), enthalpy function [(HO-HoO)jT], and Gibbs function 
[(Go/HoO)/T] at 298.15°K are 27.28, 30.21,16.02, and -14.19, in calories per gram formula mass· degree 
Kelvin. 
I. INTRODUCTION 
Scheelite-type crystal structures are currently of great 
interest in laser technology as hosts for lanthanide 
ions.1- 3 Calcium tungstate is particularly useful for the 
study of the properties of impurities and defects in these 
crystals.1 Of fundamen tal importance in further develop-
ment of the technology of materials of this type is an 
understanding of the lattice and molecular vibrations 
associated with this relatively complex structure.4.5 In 
reporting their paramagnetic relaxation measurements 
on Ce, Nd, and Yb in CaW04, Kiel and Mims4 noted 
that the observed Til dependence could only be ex-
plained by assuming a Debye temperature of about 
140°K, For this reason the present investigation was 
undertaken on single-crystal Ca W04 of high purity to 
provide experimental verification and a significant 
extension to lower temperatures of the thermal studies 
on CaW04 by King and Weller.6 
II. EXPERIMENTAL 
A. Cryogenic Apparatus 
Measurements were made in the Mark II adiabatic 
cryostat previously described.7 The gold-plated, copper 
calorimeter of about 23 cm3 capacity (laboratory design-
ation W-49) with an off-axis thermometer-heater-well, 
was employed for measurements on the sample. Tem-
peratures determined with a capsule-tYpe, ~latinum­
resistance thermometer (laboratory deslgnatlOn A-5) 
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are considered to be in accord with the thermodynamic 
temperature scale within O.03°K from lOo-90oK and 
within 0.04°K from 90o-350°K. The heat capacity of 
the empty calorimeter was determined separately with 
appropriate small corrections for the slight differences 
in the amounts of helium, indium-tin solder, and 
Apiezon-T grease on the loaded and on the empty 
calorimeter. The heat capacity of the 45.559-g sample 
represented about 44% of the total at 15°K and gradu-
ally increased to 73% near 300oK. The buoyancy cor-
rection was made on the basis of a sample density of 
6.12 g/cm3•8 Helium gas (about 28 torr at 3000K) was 
used to enhance thermal contact between calorimeter 
and sample. All determinations of mass, voltage, current, 
and temperature were referred to calibrations per-
formed by the National Bureau of Standards. 
B. Preparation and Purity of Sample 
The single crystal of CaW04 was prepared by R. T. 
Farrar of the Harry Diamond Laboratory from Sylvania 
crystal-grade powder by the Czochralski method. The 
typical manufacturer's analysis of the powder supplied 
indicated the following (in parts per million) : AI, 50; 
Ba, 50; Mg, 50; Si, SO; Sr, 100; Fe, 5; Mo, 5; Na, 5. 
Electron spin resonance measurements by D. R. Mason 
of the Nuclear Engineering Department of the University 
revealed the presence of the additional impurities: 
Mn, V, Nb, and Ta in concentrations of a few parts per 
million. 
III. RESULTS AND DISCUSSION 
A. Heat Capacities and Thermal Properties 
The experimental heat-capacity values for CaW04 
are presented in Table I in chronological sequence at the 
mean temperatures of the determinations. Hence tem-
perature increments employed in the measurements may 
usually be inferred from the differences in the adjacent 
mean temperatures. These data have been adjusted for 
8 R. D. Shapovalova, N. P. Mikhailova, and Ya. J. Gerasimov, 
Russ. J. Phys. Chern. (English Trans!.) 34,978 (1960). 
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"curvature" occasioned by the finite temperature 
increments employed in the measurements and are con-
sidered to have a probable error decreasing from about 
3% at 5°K to 0.5% at lOoK and to less than 0.1 % above 
20oK. These data are based upon a defined thermo-
chemical calorie equal to 4.1840 J, an ice point of 
273.1soK, and a gram formula mass of 287.928. 
The smoothed heat capacities and thermodynamic 
functions at selected temperatures obtained by inte-
grating these dl).ta with a high-speed digital computer 
are given in Table II. The heat-capacity values of Table 
II were taken from a smooth curve obtained by a 
least-squares-fitted polynomial function through the 
experimental points. The thermodynamic functions are 
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• Units: calorie. gram formula mass. degree Kelvin. 
































































































































































































considered to have a precision corresponding to a 
probable error of less than 0.1% above lOO°K. An 
additional digit beyond those significant is given in 
Table II for internal consistency and to permit inter-
polation and differentiation. The entropies and Gibbs 
energies have not been adjusted for nUclear-spin and 
isotopic-mixing contributions, and are hence practical 
values for use in chemical thermodynamic calculations. 
In Fig. 1, the heat-capacity curves are plotted for 
Ca W04, both from this research and from the work of 
King and Weller.6 Agreement over the common region 
of investigation is~well within the limits of uncertainty 
given by the latter authors . 
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FIG. 1. Experimental heat capacity for CaWO.: this research, 
-0-; King and Weller6, .; lattice-only heat contribution, "'; 
and acoustical contribution, - --. 
High-temperature enthalpy determinations on Ca W04 
have been reported by Yakovleva and Rezukhina.9 The 
heat-capacity equation derived from their investigation 
is 
Cp =26.48+ 10.94SX 1O-3T 
in calories per gram formula mass' degree Kelvin. This 
equation yields Cp =29.74 cal/gfm·oK at T=298.1SoK. 
As seen from Fig. 1, the experimental heat capacity 
for CaW04 deviates considerably from normal sigmate 
shape. The recent infrared,lO Raman,ll ,12 and theoretical13 
investigations of single-crystal Ca W04 suggest that to a 
good approximation, vibrational modes in the crystal 
correlating with modes in WOr ions in aqueous solution 
( wi th T d symmetry ) may be considered to be internal to 
the crystalline ion (with D2d symmetry). Hence, 
appropriate Einstein contributions for each of the 18 
modes assigned by Scott13 to the crystalline W04= ion 
were subtracted from the experimental Cp curve. The 
resulting curve, which approximates the heat capacity 
due to lattice-only vibrations is also given in Fig. 1. 
This curve shows the normal sigmate shape and 6R 
limiting value of Cp , typical of a diatomic, ionic solid. 
The temperature dependence of the effective (JD calcul-
ated from this "diatomic" lattice-only Cp (per gram-
atom) is shown in Fig. 2, and has a shape similar to 
9 R. A. Yakovleva and T. N. Rezukhina, Zh. Fiz. Khim. 34, 
819 (1960) [Russ. J. Phys. Chern. (English Trans!.) 34, 978 
(1960) ]. 
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85, 1029 (1965). 
12 S. P. O. Porto and J. F. Scott, Phys. Rev. 157, 716 (1967). 
I. J. F. Scott, J. Chern. Phys. 48, 874 (1968). 
(JD-vs-T curves for diatomic solids such as the alkali 
halides.14 
B. Optical Branch Frequencies and Acoustical Spectrum 
Since the optical lattice modes are known from the 
work of Barker10 and Porto and Scott,t2 additional 
Einstein contributions for these modes were subtracted 
from the lattice-only Cp to yield an approximation to the 
heat capacity associated with the acoustical modes. 
This curve also shown in Fig. 1 has normal sigmate 
shape with a limiting Cp near !R. The (JD(T) calculated 
from this acoustical Cp is given in Fig. 2. The limiting 
value of (JD at OaK ((Jo) appears to be near IS00K but may 
be uncertain by nearly lOOK in view of the multiple 
approximations involved. It is apparent that Cp values 
in the region below 4°K are desiderata for accurate 
evaluation of this parameter. However, this value of (Jo 
does appear to be in reasonable agreement with the 
value (JD = 1400K assumed by Kiel and Mims4 to explain 
low-temperature paramagnetic relaxation measurements 
on doped CaW04• The elastic constant data of Gerlich15 
are unfortunately too incomplete to permit an accurate 
estimate of (Jo, but are not inconsistent with the above 
results. The room-temperature elastic constant data of 
Alton and Barlow16 on (isostructural) CaMo04 yields a 
Debye (J value of 191°K by the method of Anderson.17 
In this calculation, the total number of acoustical 
degrees of freedom per formula unit was taken as!, in 
accordance with the group-theoretic vibrational analysis 
given by Barker.lO A calculation of the acoustical (JD, 
similar to that carried out for Ca W04, using the CaMo04 
frequency assignments of Barker, of Porto and Scott,t2 
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FIG. 2. Apparent Debye characteristic temperatures for CaWO •. 
Lattice-only heat capacity, "'; acoustical heat capacity, - --. 
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data of Weller and Kingl8 yields a value near SOcK 
(about 174°K) which is about 8% higher than the 
corresponding value at this temperature for CaW04. 
Note added in proof: Dr. Bernard Yates of the 
University of Salford, U.K., has informed us that he 
has recently measured the low-temperature heat 
capacity, thermal expansion, and compressibilities of 
CaW04. These data should permit evaluation of Cv and 
18 W. W. Weller and E. G. King, U.S. Bur. Mines Rept. Invest. 
6147 (1963). 
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OD values and hence facilitate correlations at higher 
temperatures. 
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Perturbation Theory and the Equation of State of Mixtures of Hard Spheres* 
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The equation of state of a mixture of hard spheres of diameter 0"11 and 0"22 is evaluated by expanding the 
free energy of the mixture to second order in powers of the differences (1',,~-(1', where O"~=H(1'",,+o"pp) and 
(1' is the diameter of the unperturbed hard spheres. The parameter (1' is chosen to make the sum of the first-
order terms zero. The second-order terms are evaluated using the superposition approximation, and the 
equation of state is determined by analytic differentiation. The agreement of this perturbation calculation 
with quasiexperimental Monte Carlo and molecular dynamics results is excellent, even for quite large 
values of R=O"22/(1'lI, but becomes less satisfactory as R becomes very large. 
I. INTRODUCTION 
Recently, we have formulated1- a a successful per-
turbation theory of single-component fluids. In this 
approach the attractive potential is treated as a per-
turbation on the hard-sphere potential, where the 
hard-sphere diameter is chosen to take into account the 
softness of the repulsive potential. 
Currently, we are applying perturbation theory to 
the theory of fluid mixtures. The simplest fluid mixture 
is a mixture of hard spheres. In this article we use 
perturbation theory to calculate the equation of state 
of this system. Comparison of our results with quasi-
experimental molecular dynamics4 and Monte Carl05•6 
calculations shows that our perturbation theory con-
verges rapidly and yields excellent results, even when 
the ratio R of the diameters of the hard spheres is quite 
,. This reasearch has been supported by grants from the U.S. 
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National Research Council of Canada. 
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large. However, as R becomes very large the con-
vergence becomes slower and the results become less 
satisfactory. 
II. FIRST-ORDER PERTURBATION THEORY 
We consider a system of Nl hard spheres of diameter 
un (species 1) and N2 hard spheres of diameter U22= 
Run (species 2) occupying a volume V. The potential 
energy of this system consists of a sum of intermolecular 
potentials, 
U(rl"'" rN) = ~u(ai,aj;riJ)' (1) 
'<i 
where ai= 1 or 2 if molecule i is of species 1 or 2, 





The free energy F of the hard-sphere mixture is 
given by 
F=-kTln f exp ( - k~)drl ... drN 
+terms independent of V and the U exf3. (4) 
We now expand F in a Taylor series in (uexfj-u) , where 
u is the sphere diameter in the unperturbed one- com-
